Recent advances in the ®eld of in vitro chromatin assembly have led to in vitro transcription systems which reproduce in the test tube, in vivo characteristics of ligand-dependent transcriptional activation by nuclear receptors. Dissection of these systems has begun to provide us with information concerning the underlying molecular mechanisms. Through recruitment of coactivator proteins, nuclear receptors act ®rst to remodel chromatin within the promoter region and then to recruit the transcriptional machinery to the promoter region in order to initiate transcription. Here we present a possible sequential mechanism for ligand-dependent transcriptional activation by nuclear receptors and discuss the in vitro and in vivo data that support this model. Oncogene (2001) 20, 3047 ± 3054.
Introduction
Lipophilic ligands, such as steroid and non-steroid hormones, play a critical role in the development and homeostasis of virtually every tissue of vertebrates through their regulatory eects on cell dierentiation, proliferation, apoptosis, and metabolism. It has long been established that these ligands exert their eects by regulating the expression of speci®c subsets of genes within target tissues (Thompson et al., 1966) . Modi®cation of chromatin structure was suggested to be involved in this regulation of gene expression, as treatment of insect larvae with the steroid hormone ecdysone resulted in the pung of speci®c loci within polytene chromosomes (Clever, 1965) , but the mechanism by which this signal was transduced from hormone to chromatin was unknown. The isolation of nuclear receptors (NRs) demonstrating high anity binding for speci®c steroids gave some insight into the mechanism by which the cellular response to these hormone signaling pathways could be mediated. Characterization of promoter regions within hormone-responsive genes furthered our understanding when it was shown that they possess hormone response elements (REs) which exhibiting a high anity binding for cognate NRs.
Cloning of several members of the NR superfamily allowed the classi®cation of these proteins into three subtypes: type I (i.e., ER, GR, PR) ± which bind as homodimers to REs composed of inverted repeats; type II (i.e., RAR, RXR, TR, VDR) ± which bind as heterodimers to REs composed of direct repeats; and type III (i.e., SF1) ± which bind as monomers to extended REs. Comparison of the primary structure between these proteins revealed that all three NR types share a highly conserved domain structure (reviewed in Chambon, 1996; Evans, 1988; Green and Chambon, 1988) . Functional analysis of these domains demonstrated that in addition to the ligand binding (LBD) and DNA binding (DBD) domains, NRs possess two autonomous transcriptional activation (AF-1 and AF-2) functions (Chambon, 1996; Evans, 1988; Giguere, 1990; Green and Chambon, 1988; Gronemeyer, 1991; Tassetet al., 1990) . A transcription repression domain was later identi®ed (Horlein et al., 1995) . Threedimensional structural analysis of the LBD of several NRs suggested how these regulatory proteins could exhibit both transcriptional activator and repressor activity, as it was shown that ligand binding caused a transconformational change in the protein to induce the AF-2 function (Bourguet et al., 1995; Chambon, 1996; Egea et al., 2000; Moras and Gronemeyer, 1998; Shiau et al., 1998; Wurtz et al., 1996) .
Experiments in transfected cells suggested how the activation functions exert their eect on transcription when competition between multiple NRs for a limiting transcription factor indicated the existence of intermediary factors acting as coactivators (Meyer et al., 1989; Tasset et al., 1990) . It was assumed that there was a similar need for intermediary factors to mediate transcriptional repression. The use of in vivo (e.g., Le Douarin et al., 1995) and in vitro (e.g., Cavailles et al., 1994) techniques as tools to identify NR coactivators (or corepressors) resulted in the isolation of a large number of proteins interacting with NRs in the presence (or absence) of their cognate ligand. Several of these proteins have been con®rmed as either NR coactivators, including the p160 (SRC-1, TIF2/GRIP1/SRC-2, pCIP/ AIB1/ACTR/RAC3/SRC-3) family of proteins, p300/ CBP, GCN5/PCAF, SWI/SNF and SMCC/TRAP/ DRIP/ARC/PC2/CRSP (hereafter called SMCC); or NR corepressors, including NCoR and SMRT (for reviews see Glass and Rosenfeld, 2000; McKenna et al., 1999) .
Functional analysis of known nuclear receptor coactivators has suggested two roles for these proteins in mediating ligand-dependent transcriptional activation by NRs: 1. To modify chromatin structure, through the histone acetyltransferase activity of p160 proteins (Chen et al., 1997; Spencer et al., 1997) , GCN5/PCAF (Yang et al., 1996) , and p300/CBP (Bannister and Kouzarides, 1996; Ogryzko et al., 1996) and/or the ATPdependent chromatin remodeling activity of the SWI/SNF complexes (Hirschhorn et al., 1992; Kwon et al., 1994) , in order to generate a transcriptionally permissive state within the promoter region. 2. To bridge the transcriptional machinery to NRs, through the coactivator protein:protein interaction domains of either p300/CBP (Nakajima et al., 1997) or SMCC (Chiba et al., 2000., Malik and Roeder, 2000) , in order to recruit the Pol II holoenzyme and its associated TFII factors to promoter region. As for transcriptional corepressors, NCoR-and SMRT-containing complexes, are suggested to antagonize the chromatin modifying activities of coactivators to generate a transcriptionally repressed state within the promoter region (for review see Hu and Lazar, 2000) .
While these`in cell' studies have provided us with signi®cant insight into the mechanism by which hormones regulate gene expression at speci®c promoters, the complexity of cellular systems makes it dicult to dissect this process at the molecular level. Such an understanding requires examination of this process in a highly de®ned system, something which is most easily achieved in the test tube. Crude in vitro transcription systems have been established to study ligand-dependent transcriptional activation by several NRs (Dilworth et al., 1999 Kraus and Kadonaga, 1998; Kraus et al., 1999; Liu et al., 1999; Rachez et al., 1999) . Dissection of these systems have begun providing information with respect to the molecular mechanism by which NRs mediate initiation of transcription (Dilworth et al., 2000 and references therein) . Based on these in vitro transcription systems, and other in vivo and in vitro results, we propose a model (Figure 1 ) where NR-mediated transactivation occurs through seven temporally-ordered steps at the promoter of hormone responsive genes.
Step 1 The initial step in transactivation is the binding of receptor dimers to their RE within the regulatory region of hormone responsive genes. DNase I footprinting data has demonstrated that RAR/RXR heterodimers are only weakly associate with their RE when the promoter is incorporated into a nucleosomal template . Tight binding of both RAR/RXR heterodimers and PR homodimers (Di Croce et al., 1999) to their responsive elements in a chromatin context requires the activity of ISWI containing ATP-dependent chromatin remodeling complexes. In the case of the PR, it has been shown that the presence of the receptor homodimers can recruit ISWI to the chromatin template (Di Croce et al., 1999) . While the need for ligand to mediate this recruitment was not examined, several in vitro studies have demonstrated that tight binding of both type I and II NRs to their cognate REs occurs in a ligand-independent manner Kraus and Kadonaga, 1998; Minucci et al., 1998) .
Under certain cellular conditions NR occupancy of response elements has been shown to be liganddependent (Bhattacharyya et al., 1997; Dey et al., 1994; Savoldi et al., 1997) . However, quantitative studies have demonstrated that, in the case of the ER, ligand binding does not change the anity of the receptor homodimer for its speci®c responsive element (Driscoll et al., 1996) , thus indicating that binding of the receptor to the template may be in¯uenced by other factors within the cell. In the case of type I NRs, the cytosolic localization of the activators is maintained by associated heat shock proteins in the absence of ligand, thus ensuring a ligand-inducible binding of these proteins to their responsive element (reviewed in Pratt and Toft, 1997). Interestingly, binding of antagonistic ligands to either ER or PR permit the binding of the homodimers to their respective response elements in vivo without inducing an active AF-2, further demonstrating that this activation function does not play a role in receptor binding to the template (Lavinsky et al., 1998; Smith et al., 1997) . For type II NRs, it is unclear what may be limiting the receptors from interaction with their RE under certain cellular conditions. As ligand-dependent binding of NRs to their RE is observed in a cell-and promoter-speci®c context, we speculate that heterodimer formation or DNA binding may be regulated through other cellular events or signaling pathways. Indeed, phosphorylation of NRs has been shown to regulate dimerization (Bhat et al., 1994; Chen et al., 1999a; Delmotte et al., 1999) , and other post-translational modi®cations have been shown to aect DNA binding of transcriptional activators (Gu and Roeder, 1997) .
Interestingly, the need for an ATP-dependent chromatin remodeling activity to mediate tight binding of an activator to its RE is not universal, as ISWI containing complexes were determined to be dispensable for transactivation by the Drosophila transcriptional activator Zeste (Kal et al., 2000) . Not only might the need for an ATP-dependent chromatin remodeling activity to mediate tight binding of the proteins to their response elements vary from activator to activator, but it may also vary from promoter to promoter. It should be noted that the receptor binding studies have been performed on promoters in a transcriptionally repressed state. It remains to be seen whether there is a need for an ATP-dependent chromatin remodeling activity to mediate tight binding of NRs to a promoter which is already in a`poised' transcriptionally permissive state. Thus, the need for ATP-dependent chromatin remodeling activities to mediate tight binding of NRs to their response element as a general rule for transcriptional regulation by these proteins will have to be examined.
Step 2 The second step in NR-mediated transcriptional initiation appears to be recruitment of coactivators from the p160 and p300/CBP protein families to the regulatory region. Indeed, the p160 proteins TIF2 and SRC-1 have been demonstrated to enhance transactivation by RAR/RXR and PR (Liu et al., 1999) , respectively, while p300 has been shown to enhance ligand-dependent transcriptional activation by both RAR/RXR (Dilworth et al., 1999 and ER (Kraus and Kadonaga, 1998; Kraus et al., 1999) . Direct interactions between the p160 proteins and the AF-2 function of NRs have been clearly demonstrated Step 1a: ligand-independent binding of RAR/RXR heterodimer to its response element; Step 1b: localized chromatin remodeling mediated by ISWI-containing complexes to permit tight binding of the heterodimer to its response element;
Step 2: RA-dependent recruitment of coactivators possessing histone acetyltransferase activity (p160 proteins and p300/CBP) to the promoter region via the AF-2 function of RAR;
Step 3: acetylation of histones within the promoter region by p300/CBP and p160 proteins;
Step 4: displacement of p160 proteins from AF-2 of RAR to permit recruitment of SMCC to the same activation domain;
Step 5: recruitment of the Pol II holoenzyme to the promoter region by SMCC complex;
Step 6: recruitment of SWI/SNF complex to the promoter region;
Step 7: recruitment of the basal transcription factors, SWI/SNF-mediated chromatin remodeling to permit their tight binding to the promoter, and initiation of transcription (Anzick et al., 1997; Chen et al., 1997; OnÄ ate et al., 1995; Voegel et al., 1996) and would account for their recruitment to the regulatory region. Once bound to the NR, p160 proteins could then aid in the recruitment of p300/CBP. Several studies have suggested that p300/CBP interacts directly with NRs (Chakravarti et al., 1996; Kamei et al., 1996) , though the NR interacting domain of p300 is not necessary for mediating maximal ligand-dependent transactivation by ER homodimers in vitro (Kraus et al., 1999) and TR/RXR heterodimers in vivo (Li et al., 2000) . In contrast, deletion of the p160 interacting domain of p300 signi®cantly impaired the ability of p300 to enhance ligand-dependent transactivation by the same two NRs (Kraus et al., 1999; Li et al., 2000) . Furthermore, CBP was recruited to an antagonist bound ER in the presence, but not in the absence, of a genetically engineered p160 protein in which the NR boxes were replaced by CoRNR boxes (Shang et al., 2000) . This suggests that p300 is recruited to hormone REs through its interaction with p160 proteins, though the direct interaction between the coactivators and the NR may stabilize the tertiary complex. Once tethered to the DNA via the NR, p300/CBP have been suggested to increase the number of productive preinitiation complexes present within the promoter (Kraus and Kadonaga, 1998; Yie et al., 1999) . The mechanism by which p300/CBP achieves this increase is not clear. Both p300 and CBP possess potent acetyltransferase activities capable of covalently modifying histones, transcriptional activators, and coactivators (for review see Sterner and Berger, 2000) . Furthermore, p300/CBP can interact with Pol II through the intermediate of RNA helicase A (Nakajima et al., 1997), and may recruit the Pol II holoenzyme complex to the promoter region. If indeed, p300/CBP carries out both functions, order of addition experiments have clearly demonstrated that acetylation of histones by p300 precedes recruitment of basal transcriptional machinery to the promoter .
Step 3 Thus, in the third step, tethering of p160 and p300/ CBP to the promoter region leads to an increased level of histone acetylation within the promoter region. Consistent with this, the acetyltransferase activity of p300/CBP has been shown to be essential to mediate transactivation by both ER (Kraus et al., 1999) and TR/RXR (Li et al., 2000) from repressive chromatin. While other proteins may be acetylated during the transcription initiation process (Imhof et al., 1997) , chromatin immunoprecipitation (ChIP) analysis of a retinoic acid-responsive promoter in vitro clearly demonstrated that p300 was recruited to the promoter region by liganded RAR/RXR heterodimers to mediate acetylation of histones within the template . Ligand-dependent acetylation of histones within the RA-responsive template could be further increased by addition of the p160 protein TIF2, though addition of TIF2 on its own did not result in signi®cant acetylation of the template (Dilworth and Chambon, unpublished results). These results are consistent with the fact that lipophilic hormones induce hyperacetylation of histones at hormone responsive promoters in cultured cells (Chen et al., 1999b; Shang et al., 2000) and Xenopus embryos (Sachs and Shi, 2000) . Interestingly, in the case of the cathepsin D gene, ER recruitment of p300, but not GCN5/PCAF, coincided with maximal levels of histone acetylation within the promoter region (Shang et al., 2000) .
While less evidence exists for other events occurring during the third step, cell transfection studies have suggested that the arginine methyltransferase CARM1 can synergize with p160 proteins and p300 to enhance ligand-dependent transcriptional activation by NRs, possibly through its ability to methylate histone H3 (Chen et al., 2000) . A second study demonstrated that p300 can also interact with the histone H2A/H2B chaperone protein NAP1 (Shikama et al., 2000) . Recruitment of NAP1 to the nucleosomal template by p300 may facilitate transfer of H2A/H2B dimers from the histone octamer to the chaperone protein (Ito et al., 2000; Shikama et al., 2000) , through a mechanism similar to that proposed for the transcription elongation factor FACT (Orphanides et al., 1999) . As acetylation of H3/H4 tetramers has been shown to permit DNA to adopt a relaxed conformation (Morales and Richard-Foy, 2000) , it is interesting to speculate that NAP1 may act to generate a transient H3/H4 tetramer within the proximal promoter region to facilitate access of basal transcription factors to the DNA. However, this is only speculation as no direct evidence exists for histone octamers disruption within the promoter region of actively transcribing genes. As all of the preceding events occur in the absence of the basal transcriptional machinery, the`raison d'eÃ tre' of the ®rst three steps appear to be to prepare the chromatin template for the recruitment of basal transcription factors.
Step 4 The events following covalent modi®cation of histones can be regarded as the recruitment step of transcriptional activation. While the order of events occurring during this process and the mechanism by which it occurs are less well de®ned, several studies have provided information which allow us to speculate as to what may be occurring. Indeed, roles for the SWI/ SNF and SMCC (Fondell et al., 1996; Rachez et al., 1998 Rachez et al., , 1999 complexes have been shown during this stage of the initiation process in vitro. Based on these studies, we suggest that the fourth step could be an exchange of coactivators at the AF-2 surface of the NR-LBD. In vitro experiments have demonstrated that both p160 proteins and TRAP220 compete for this protein interacting surface Treuter et al., 1999) . However, the mechanism underlying this coactivator exchange is still unclear. One possibility is that p300 could acetylate p160 proteins at lysine residues adjacent to their NR interacting domains (Chen et al., 1999b) . This acetylation of the p160 protein may destabilize the p160:NR interaction, and thus could permit its displacement by TRAP220 to allow binding of the SMCC complex to the NR. The physiological relevance of this acetylation has yet to be con®rmed.
Interestingly, ChIP analysis performed in cultured cells have suggested that a single ER homodimer can interact with TRAP220 and p160 proteins simultaneously (Shang et al., 2000) . As ER homodimers possess two AF-2 interaction surfaces, it is not clear whether both coactivators are interacting with the same receptor monomer. In vitro interaction studies performed using PPAR/RXR heterodimers have suggested that in the presence of DNA and an agonistic ligand for both receptors, the TRAP220 protein selectively interacts with the PPAR moiety of the heterodimer while p160 proteins interact with the RXR moiety . However, activation of transcription by type II NR heterodimers is possible in the presence of a single liganded partner (Dilworth et al., 1999; Rachez et al., 1999) . Thus, one could hypothesize that in the presence of a single ligand, a coactivator exchange must take place at the AF-2 function of type II NRs, slowing the process of preinitiation complex assembly. In contrast, the presence of an agonistic ligand for the second moiety of the heterodimer could allow simultaneous recruitment of p300/CBP, p160 protein and SMCC complexes to the promoter, permitting a much faster assembly of the preinitiation complex. Such a possibility could explain the synergistic activation of transcription observed in the presence of ligands for both moieties of a heterodimer (Dilworth et al., 1999 and references therein) . Further experiments are required to validate the proposed coactivator exchange and/or co-recruitment models.
Step 5
In the ®fth step, the DNA tethered SMCC complex probably acts to recruit the Pol II holoenzyme to the proximal promoter. An association between the SMCC complex and Pol II has been demonstrated in vitro (Chiba et al., 2000; Malik and Roeder, 2000) . This recruitment could be facilitated through a second interaction between p300/CBP and the Pol II holoenzyme (Nakajima et al., 1997) . Though SMCC and CBP have been shown to be associated with the Pol II holoenzyme in nuclear extracts, ChIPs analysis have demonstrated dierent kinetics for association of these proteins with the promoter region (Agalioti et al., 2000; Shang et al., 2000) . Thus, we suggest that the NRs do not recruit a preformed coactivator/Pol II complex but rather the promoter tethered coactivators act to recruit the Pol II holoenzyme to the DNA template.
Step 6 The sixth step in the process of NR-mediated initiation of transcription is likely to be the recruitment of SWI/ SNF to the proximal promoter. In vitro order of addition experiments demonstrate that maximal levels of transactivation mediated by RAR/RXR can occur when SWI/SNF is added to the reactions at the same time as the basal transcription factors . This is consistent with ChIP experiments performed in vivo which suggest that SWI/SNF arrives at IFNb promoter at the same time as TF II D (Agalioti et al., 2000) . Recruitment of SWI/SNF to the promoter region is likely to be facilitated by NRs as transfected cell systems have shown that the chromatin remodeling complex interacts with GR in a ligand-dependent manner (Fryer and Archer, 1998) . Such an interaction could be mediated through either the SNF2 (a or b) or BAF250 subunits of SWI/SNF which have been shown to interact in a ligand-stimulated manner with the ER LBD (Ichinose et al., 1997) or with full-length GR (Nie et al., 2000) , respectively. In addition, the SNF2/ BAF250-containing subtype of SWI/SNF complexes also contains the subunits BAF155 and BAF170 which have been shown to interact in vitro with the zinc ®nger DBD of the transcriptional regulators EKLF and GATA1 (Kadam et al., 2000) . Consistent with the fact that NRs may interact with SWI/SNF through a similar mechanism, experiments in transfected cells have shown that the DBD of the GR was required to mediate the interaction between the NR and the ATPdependent chromatin remodeling complex (Muchardt and Yaniv, 1993) . Alternatively, SWI/SNF could be recruited to the promoter region, through an interaction between the bromodomain of the SNF2 subunit and nucleosomal histones previously acetylated by p300/CBP (Agalioti et al., 2000) . Consistent with this possibility, prior acetylation of nucleosomal histones by p300 has been shown to facilitate the activity of SWI/SNF on RAR/RXR mediated transactivation . Thus, several distinct interactions between NRs, SWI/SNF and acetylated histones within the DNA template are likely to occur to ensure ecient recruitment of SWI/SNF to hormone responsive promoter.
Step 7 Once stably associated with the promoter, SWI/SNF may mediate the ®nal event in the transcriptional initiation process. In this step, SWI/SNF probably acts to remodel the proximal promoter region in order to permit binding of the basal transcriptional machinery to the DNA template. In vitro studies have demonstrated that TBP has a relatively weak anity for the TATA box when the promoter element is incorporated into a nucleosomal template . However, the association between TBP and the TATA box can be facilitated by the enzymatic activity of SWI/SNF . Consistent with this, ChIP analysis at the IFNb promoter has demonstrated that recruitment of TF II D and SWI/ SNF to the promoter coincides with a remodeling of nucleosomes within this region of the template and initiation of transcription (Agalioti et al., 2000) . Thus, using its ATP-dependent chromatin remodeling activity to displace impeding nucleosomes within the proximal promoter region, SWI/SNF likely stimulates tight binding of the basal transcriptional machinery to the DNA template. Once tightly associated with the proximal promoter, the basal transcriptional machinery can then initiate transcription at the hormone responsive gene.
Conclusions/perspectives
Our current model (Figure 1 ) represents a possible basic mechanism for ligand-dependent transcriptional activation by NRs. This model is highly consistent with that recently proposed for initiation of transcription from the IFNb promoter by the enhancesome (Agalioti et al., 2000) which suggests that it may correspond to a general mechanism for activator-mediated transcriptional activation from repressive chromatin. Furthermore, the similarity of results obtained between experiments performed on natural (Agalioti et al., 2000) and synthetic promoters validates, at least to some extent, the use of`arti®cial' DNA templates to study the basic mechanisms of transcriptional activation.
While the sequence of events for the chromatin modifying steps during ligand-dependent transcriptional activation have been clearly established , future studies are needed to con®rm hypotheses put forth as to the order of events occurring during the recruitment steps of NR-mediated transactivation. In addition, current studies have not delineated roles for several coactivators implicated in NR signaling, including the GCN5/PCAF containing complex TFTC (Brand et al., 1999; Ogryzko et al., 1998) and the TAFs associated with TBP (Albright and Tjian, 2000) . Further characterization of the established in vitro transcription systems will be required to elucidate the role of these proteins in NR-mediated transactivation.
Even though the current in vitro transcription systems are proving useful for elucidation of the basic mechanism by which NRs mediate ligand-dependent activation of transcription, the mechanism by which NRs act in vivo to regulate dierent cellular processes obviously must be more complex. It is not conceivable that the mechanism by which NRs mediate upregulation of a gene that is already transcribing would be the same as that in which NRs mediate initiation of transcription from a repressed promoter. Furthermore, transcriptional response to hormonal stimuli are often temporally distinct for dierent loci in the same cell, while the complement of genes activated by a single hormonal stimuli may vary from one cell type to another. Indeed, the key to NR-mediated regulation of cellular processes is likely to lie in the complexity of the promoters of the various hormonal responsive genes. The precise positioning of hormonal REs with respect to those of other transcriptional regulators, and nucleosomal architecture, most likely permits a speci®c combinatorial integration of several signaling pathways to control the expression of genes in the cell. Furthermore, the need for multiple NR coactivators (and corepressors) will probably be shown to re¯ect cell-speci®c promoter arrangements depending on the actual cellular complement of transcriptional regulators. Thus, future research aimed at elucidating the molecular mechanism(s) by which NRs regulate developmental processes must focalize on understanding how transcription is regulated in the context of complex natural promoters.
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